Borrelia species of relapsing fever (RF) and Lyme disease (LD) lineages have linear 24 chromosomes and both linear and circular plasmids. Unique to RF species, and little 25 characterized to date, are large linear plasmids of ~160 kilobases, or ~10% of the genome. By 26 a combination of Sanger and next-generation methods, we determined the sequences of large 27 linear plasmids of two New World species: Borrelia hermsii to completion of its 174 kb length, 28
INTRODUCTION
extrachromosomal replicons are usually circular in structure, but linear plasmids have been10-50 cells of serotype 7 of B. hermsii strain HS1. The infection was monitored by phase-116 contrast microscopy of a wet mount of tail vein blood. The mice were euthanized when there 117 were ~10 8 spirochetes per ml of blood, and blood was collected by cardiac puncture with 118 syringes coated with 3% sodium citrate solution. 119
Pulsed-field gel electrophoresis. Agarose plugs of genomic DNA were prepared as described 120 previously with modifications (17, 31). In brief, low passage cells were harvested by 121 centrifugation for 15 min at 8,000 x g at room temperature, washed with 150 mM NaCl-50 mM 122
Tris-1 mM EDTA (TN buffer) with final resuspension in TN buffer. An equal volume of molten 123 2% low-melting-point SeaPlaque® GTG® agarose (Lonza, Rockland, ME) in TN buffer was 124 added giving a final concentration of 10 9 cells ml -1 ; 80 µl of the mixture was poured into each 125 casting well (Bio-Rad, Hercules, CA). Agarose plugs were submerged in lysis solution 126 containing 1 mg ml -1 proteinase K (Roche, Mannheim, Germany) in 50 mM Tris-50 mM EDTA-127 1% sodium dodecyl sulfate (SDS). Lysis was performed at 50°C for 24 h. Treated agarose 128 blocks were washed twice in 10 mM Tris-1 mM EDTA (TE) buffer and one-third of the plug was 129 amplification was performed using Eurogentec's qPCR Master Mix Plus (AnaSpec, Fremont, 161 CA) and a Rotor-Gene 3000 thermal cycler (QIAGEN). The real-time PCR reaction mixture 162 contained cDNA, 0.3 μM of each primer, 0.25 μM of dual-labeled probe and 0.5 volumes qPCR 163
Master Mix Plus. Samples and standards were run in duplicate. Reaction conditions were as 164 follows: 50°C for 2 min, 95°C for 10 min, 40 cycles at 95°C for 15 s, and 60°C for 1 min. Primer 165 and probe sets are listed in Supplementary Materials Table S1 . Amplification curves were 166 analyzed using Rotor Gene software version 6.0 (QIAGEN). Standard curves using 10-fold 167 dilutions of circular plasmid DNA with known concentrations were generated to determine the 168 relative amounts of cDNA. Statistical analysis, including a General Linear Model (GLM) 169 procedure with default settings, was carried out with STATA version 10 (STATA Corp., College 170
Station, TX).
Genome sequencing of B. hermsii strain DAH and B. turicatae strain 91E135. Sanger 172 sequencing of shotgun libraries of 2 -3 kb-sized fragments of genomic DNA was carried out as 173 described previously (31, 38) . For the present study, pyrosequencing using 454 FLX technology 174 (Roche, Branford, CT) also was performed following the manufacturer's recommended 175 protocols. Fragment-and mate-paired libraries, each at 30X coverage, were obtained for both 176 genomes. De novo assemblies were generated using Newbler (http://www.454.com). 177
The complete large plasmid sequence for B. hermsii strain HS1 was obtained by next-178 generation Illumina sequencing with a final coverage ≥ 10X (described in more detail below). As 179 studies have previously shown, B. hermsii strains HS1 and DAH, both originating from the same 180 location in eastern Washington, are very close genetically and thought to be perhaps isolates of 181 the same strain. Initially, the B. hermsii DAH genome was sequenced by a combination of 182 were normalized to 10 nM in 10 µl volume and from here were cluster generated for data 193 processing with an Illumina HiSeq 2000 NGS platform. The depth of coverage was ≥ 10X. 194
Sequences were then mapped to a reference assembly of the B. hermsii DAH large plasmid 195 (described below) using CLC Genomics Workbench version 5.1 (CLC bio, Aarhus, Denmark). 196
After the final assembly of the B. hermsii HS1 large linear plasmid sequence was done, 197 remaining gaps were manually closed by PCR followed by primer-directed Sanger sequencing 198 penalty of 1.53, and a plot threshold score of 39 (E = 8.4e
-11 ). For a deduced amino acid 232 sequence, virtual protein folding and then comparison of the predicted structure with the protein 233 structure database was carried out on the UC Santa Cruz Bioinformatics server 234 (http://compbio.soe.ucsc.edu) as described by Karplus et al. (48) . Predicted tertiary structures 235 were visualized with KiNG software (http://kinemage.biochem.duke.edu). 236
Nucleotide sequence accession numbers. The complete sequence for B. hermsii HS1 lp174 237 plasmid and the partial sequence for B. turicatae 91E135 lp150 plasmid were assigned 238
GenBank numbers HM008709 and HM008710, respectively. Sequences for B. hermsii HS1 239 bha064 and bha065 and B. turicatae 91E135 bta037 and bta038 have accession numbers 240 GQ141864 to GQ141867, respectively. Sequences used in the phylogram for Pfam32 genes 241 were the following: B. afzelii ACA-1 lp54 (CP001247), cp32-3 (CP001237), cp26 (CP001250), 242 and lp28-7 (CP001242); B. afzelii PKo chromosome (CP002933); B. burgdorferi B31 lp54 243 (AE000790), cp32-3 (AE001576), cp26 (AE000792), lp28-1 (AE000794), and chromosome 244 (AE000783); B. duttonii Ly lp165 (CP000979), lp26 (CP000982), lp35 (CP000985), cp26 245 (CP000980), and chromosome (CP000976); B. garinii PBr lp54 (CP001308), cp32-10 246 (CP001306), cp26 (CP001305), and lp28-1 (CP001310); B. hermsii HS1 lp174 247 (HM008709),cp32-like (AF209440), lp53 (JN232111), lp28-2 (DQ172919), and chromosome 248 (CP000048); B. lonestari LS-1 lp28-like (EF507519); B. turicatae 91E135 lp150 (HM008710) 249 and chromosome (CP000049).
RESULTS

252
Sizes of the large linear plasmids. We estimated the sizes of the large linear plasmids of B. phylotyping genes suggested that HS1 and DAH were near identical or the same strain (31, 36). 269
Our initial comparison of randomly-selected homologous sequences of the large plasmids of the 270 two isolates supported this conclusion (unpublished findings). Accordingly, large contigs 271 accounting for a total of 163,905 base pairs of lp174 of strain DAH generated from Sanger and 272 454 technologies, were used as a reference for the mapping of reads from the Illumina-based 273 sequencing of HS1. Closure of gaps was carried out on HS1 DNA, and so that is the strain 274 Table 1 gives the expected sizes of the hybridizing restriction fragments, based on 284 the sequence assembly, and the observed sizes from the Southern blot analyses. Overall, the 285 observed fragments with 6 different restriction enzymes were within 0.2 to 1.5% of what was 286 predicted. Therefore, these results indicate that we either have or are very close to having the 287 complete lp174 plasmid for HS1. 288
The base count for the final assembly of the B. turicatae lp150 plasmid was 114,195 bp. 289
As detailed below, the estimated 35 kb of missing sequence was primarily at the right end of the 290 plasmid. However, it is possible that sequence at the left end of the lp150 was also unaccounted 291 for here. The lists of ORFs that were identified for the entire Bh lp174 and for most of Bt lp150 292 are given in Tables S2 and S3, shown), and were not discernible at all in the B. crocidurae large plasmid sequence (data not 336 shown). 337
In the published sequence for the large plasmid of B. duttonii (NC011247) block I is 338 inverted, involving approximately 27 kb of sequence, with respect to its orientation in the New 339
World species ( Figure 2B ). We noted a similar inversion for the block I region in B. crocidurae 340 (NC017778). To verify that this inversion was not the result of an assembly error, we carried out 341 PCR on total DNA isolated from both B. hermsii and B. duttonii, using 6 pairs of primers that 342 Continuing further downstream on the HS1 plasmid, we encountered the repetitive 371 sequence region C, described earlier in Figure 2A that resides from ~100 kb to 112 kb and the 372 genes bha103 to bha129 ( Figure 2C ). There were repeats of two alternating sequences, one of 373 phylogenetic relationships were inferred from the sequences of other genes in the plasmid 399 maintenance locus (data not shown). Therefore, plasmid maintenance genes show sequence 400 bias towards the replicon structure that encodes them across species, rather than across 401 replicons within a single species or isolate. 402
We noticed that in these regions of Bh lp174 (122 kb to 133 kb) and Bt lp150 (92 kb to 403 103 kb) that had partial synteny to lp54, two sets of lp54 ORFs, namely, bba22-29 and bba14-404 17, were absent in RF Borrelia species and without replacements by other ORFs. Were these 405
ORFs lost from the lineage leading to B. hermsii and other RF species but not from the LD 406 species lineage? Or, were they gained by the LD Borrelia lineage after the split from a common 407 ancestor? Taking advantage of the plasmid's sharp shift in GC skew in the midst of the plasmid 408 maintenance locus of lp174 ( Figure 3A) , we compared the GC skew patterns of these syntenic 409 regions in each replicon. We reasoned that if all or some of the ORFs unique to LD species 410 were relatively recent acquisitions, this might be apparent in the GC skew pattern (58, 59). can result in an increase of functional genes used, for example, to adapt to or exploit novel 500 environmental niches or function in a gene dosage effect (64, 65). 501
Our inference about a common ancestry for the large linear plasmids of RF Borrelia 502 species was anticipated by prior findings of the nrdEFI genes on large plasmids across species 503 (49). A less expected finding was the extent of shared heritage for the large linear plasmids ofobserved syntenic regions between B. duttonii lp165 and B. burgdorferi lp54, but orthologous 506 genes between the two plasmids were not described (24). Totaling ~22 kb, two regions 507 containing lp54 orthologs were found in similar locations on each of the RF large plasmids and 508 the more conserved interior portion of these plasmids. All LD Borrelia species and strains 509 whose genome sequences are public have had an lp54-like plasmid of similar size. 510
Recognizing the phylogenetic evidence we present here regarding the PFam32 genes and the 3 511 other genes of the plasmid maintenance locus, which are borne by the large plasmids and those 512 of lp54-type plasmids, we propose assigning the RF large plasmids to the type A compatibility 513 group for Borrelia plasmids (66, 67), and, accordingly, use "a" as the third letter after "bh", "bt", 514 etc., for coding sequence designations. 515
The lp54 plasmids bear genes whose expression is regulated during the infectious cycle 516 and that in their respective presence or absence distinguish LD species from RF species. 517
These include OspA (bba15) and OspB (bba16) (68, 69), and DbpA (bba24) and DbpB (bba25) 518 (70). GC skew analysis indicates that the ospAB and dbpAB operons were acquired 519 horizontally by the LD lineage after the putative split from the lineage leading to RF species. 520
Can we identify lp174 genes that distinguish RF species from LD species? Three examples are 521 fhbA, bipA, and alp (26, 29, 30) . Two other lp174 genes that first appeared to be unique to RF 522 species on the basis of standard blast search criteria were bha064 and bha065. But a search 523 for structural similarities revealed what may be homology of these proteins to BBA68, the CspA 524 
